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ABSTRACT
Phylogenetic Relationships of Genera in the Caddisfly Family Limnephilidae
Using Anchored Hybrid Enrichment-Based Phylogenomic
Analysis (Insecta:Trichoptera)
Kyle Charles Rawlinson
Department of Plant and Wildlife Sciences, BYU
Master of Science
Limnephilidae is a large family within Trichoptera, consisting of 4 subfamilies
(Dicosmoecinae, Ecclisomyiinae, Limnephilinae, and Philocascinae), 98 genera, and 1178
species. It is among the most diverse families within Trichoptera. It is also ecologically diverse,
occupying more habitats than any other family in the order. There are currently no published
generic phylogenies of Limnephilidae based on molecular data. Here we used anchored hybrid
enrichment to capture and sequence 922 loci for 57 species taken from what have been
considered the full range of genera in the family. We expanded the taxon sampling by adding
supplementary species with DNA barcodes, 28S sequences, or containing both from other
sources. We present a favored tree from the collected data. We examine the evolutionary patterns
associated with larval habitat transitions and highlight instances where our preferred
evolutionary tree is incongruent with current limnephilid classification.

Keywords: Limnephilidae, Trichoptera, phylogenetic tree, phylogeny, anchored hybrid
enrichment, targeted exon capture, supertree
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INTRODUCTION
The insect order Trichoptera, commonly known as caddisflies, includes over 16,000
extant species worldwide, placing the order among the most diverse aquatic insects (Morse,
2021). Caddisflies are close relatives of Lepidoptera (butterflies and moths) with most adults
resembling small moths. They live in nearly all freshwater habitats around the world and are an
important part of the freshwater ecosystem’s decomposition and nutrient cycling (Morse et al.,
2019).
Limnephilidae (Insecta: Trichoptera) is one of the most species rich families within
Trichoptera with 1178 species distributed primarily throughout the Nearctic and Palearctic
regions (de Moor and Ivanov, 2008). They are exceptionally diverse in behavior ranging from
detritivores that construct cases from organic material to predators that construct inorganic cases.
Their habitat preferences are broad and can be found in a myriad of freshwater habitats from the
headwaters of fast-flowing mountain streams to lowland stagnant waters of intermittent ponds
including hypoxic standing water (Morse, 2009; Schmidt-Kloiber & Hering, 2015; Cavallaro &
Hoback, 2014).
In addition to inhabiting a wide array of aquatic environments, larvae of some species
exhibit various levels of terrestriality, a rarity within Trichoptera. Examples include the genus
Ironoquia that is capable of estivating, going dormant for extended periods in littoral zones of
intermittent bodies of water (Error! Reference source not found.. Philocasca larvae are
capable of leaving the water for long durations to feed on shoreline plants (Error! Reference
source not found.; Error! Reference source not found.. The genera Cryptochia, Desmona, and
Enoicyla each contain species whose larvae have left the water entirely and have a completely
terrestrial lifecycle (Anderson, 1967; Hayashi et al., 2008)
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Many insects pass from aquatic immatures to terrestrial adults (Bouchard, 2009). The
same insect generalization is not true of aquatic to terrestrial transitions in insect larvae within a
major taxonomic group. Still, there are infrequent, examples of this behavioral transition in the
orders Coleoptera, Diptera, Trichoptera, and Neuroptera (Mitterboeck et al., 2016).
Limnephilidae is exceptional in that, within a single family, multiple lineages contain terrestrial
larvae, each presumably with independent origins. In addition, there exists several behaviors in
the family that have been hypothesized to be precursors to terrestriality, such as drought
tolerance, oviposition apart from water, or even the occupation of temporary pools (Wiggins,
1973). However, it is unknown whether there are transition states between fully aquatic and fully
terrestrial larvae because we lack a robust reconstruction of the evolutionary history of
Trichoptera that have made such changes. Limnephilidae thus represent a key taxon for
exploring this type of transition. Previous phylogenetic studies have focused on relations within
specific genera (Pauls et al., 2008) or subfamilies (Vshivkova et al., 2007), leaving the breadth of
the family unstudied.
Anchored hybrid enrichment techniques have emerged as a cost-effective technique to
acquire many loci and diverse parts of the genome (Lemmon et al, 2012). For example,
“anchored phylogenomics” uses probes to target areas with highly variable regions flanked by
highly conserved regions spread throughout a given genome to increase the phylogenetic signal
for use in reconstructing phylogenetic relationships (Kawahara et al., 2019).
The DNA Barcode of Life Database (BOLD) currently contains mitochondrial COI gene
sequences for 814 individual species within the superfamily Limnephiloidea (Ratnasingham &
Hebert, 2007). While this taxon sample is impressive, COI is not so effective for resolving deep
phylogenetic splits within Trichoptera (Kjer et al, 2001). Previous research, however, has shown
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that, a well-resolved backbone using other parts of the genome can be paired with COI to
generate a s for the placement of the tips of the tree. COI is better for resolving tips than deep
branches in a taxon. At the same time, more comprehensive data of diverse types can be used to
resolve deeper splits (Zhou et al, 2016; Chesters, 2017; Chester, 2019).
Here, we reconstructed the phylogeny of Limnephilidae using broad based anchored
phylogenomic analyses from 57 species as a backbone then grafting the “leaves” of the tree onto
this scaffold using mitochondrial COI DNA barcodes from a richer 329 species. Using 28S
sequence data from 179 species further enhanced our depth and coverage. We combined the
anchored hybrid enrichment (AHE) sequence dataset with the nuclear 28S rDNA and
mitochondrial COI DNA barcode region sequence data to generate a comprehensive molecularbased phylogenetic tree for Limnephilidae. This combined approach gave a more robust tree by
sampling broadly in the genome. We then overlaid life history data regarding current habitat
preferences and the array of terrestrial behaviors of species onto the phylogenetic tree. We
reconstructed ancestral states of these life history and habitat choice characteristics to ascertain
the frequency and number of such behavioral transitions throughout the limnephilid phylogeny.
We expect this study will be foundational to building future trait evolution research and
refinement of the phylogenetic relationships within the family Limnephilidae.
MATERIALS AND METHODS
We used the classification and naming scheme from the Trichoptera World Checklist
(Morse, 2021). At the time of analysis, the family Limnephilidae contained 1178 extant species
grouped into four sub-families (Dicosmoecinae, Ecclisomyiinae, Limnephilinae, and
Philocascinae), two tribes within Dicosmoecinae (Dicosmoecini and Nothopsychini), and seven
tribes within Limnephilinae (Agaphylacini, Limnephilini, Pseudostenophylacini, Chilostigmini,
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Hesperophylacini, Drusini, and Ecclisocosmoecini). This yields broad taxon sampling for the
generic level.
Anchored Hybrid Enrichment (AHE)
We generated anchored hybrid enrichment (AHE) data (Lemmon et al, 2012; Kozich et al.,
2013) for 57 different species. These species represent three of the four subfamilies found within
Limnephilidae and a multifamily outgroup (Apataniidae, Brachycentridae, Goeridae,
Lepidostomatidae, Phryganeidae, and Uenoidae) within the infraorder Plenitentoria (Table 1).
Probe design
We collaborated with the Center for Anchored Phylogenomics to design AHE probes. We
scanned fifteen trichopteran transcriptomes from the 1K Insect Transcriptome Evolution
(1KITE.org, Misof et al. 2014) for orthologs to the lepidopteran AHE loci identified by Breinholt
et al. (2018). Target transcripts were then aligned with MAFFT v7.023b (Katoh & Standley,
2013) for further use in the bioinformatic pipeline of analysis. The loci obtained were trimmed to
aligned regions, and finally manually inspected in Geneious R9 Biomatters Ltd. (Kearse et al.,
2012). A total of 960 target loci, averaging 232 bp in length, remained after masking/removing
regions identified to be repetitive using kmer distribution profiling (Hamilton et al., 2016). For
each of these trimmed loci, probes were tiled uniformly across each of the sixteen reference (15
Trichoptera transcriptomes plus the Bombyx mori reference genome) sequences at 4.2x coverage,
to produce 57,094 probes. Agilent SureSelect XP kit was used to produce the probes.

Library Preparation and Enrichment
Extracted DNA was sonicated using the Covaris Focused-Ultrasonicator to generate a
distribution size of 150-400 bp. Libraries were then prepared following Lemmon et al. (2012)
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and indexed with single 8 bp indices chosen to be variable in at least two sites. Pools of ~16
samples were combined into libraries and treated with an enrichment kit. Enriched libraries were
sequenced on two lanes of an Illiumina HiSeq 2500 sequencer with a paired end 150 bp
sequencing protocol and onboard cluster generation.

Assembly and Orthology Prediction
We merged the raw read pairs that passed the Illumina Consensus Assessment of Sequence
And VAriation (CASAVA) high-chastity filter program following the steps of Rokyta et al.
(2012). We took the merged sequence files (FASTQ) files and trimmed them with Trimgalore
v0.6.0 (Lindgreen, 2012). Two assembly programs were used, Trinity v2.8.5 (Bollback, J. P.
(2006). SIMMAP: stochastic character mapping of discrete traits on phylogenies. BMC
bioinformatics, 7(1), 1-7.
Bouchard, R. W. (2009). Guide to Aquatic Invertebrate Families of Mongolia Identification
Manual for Students, Citizen Monitors, and Aquatic Resource Professionals. Paul,
Mn, 55108, 6-41.
Breinholt, J. W., Earl, C., Lemmon, A. R., Lemmon, E. M., Xiao, L., & Kawahara, A. Y. (2018).
Resolving relationships among the megadiverse butterflies and moths with a novel pipeline
for anchored phylogenomics. Systematic Biology, 67(1), 78-93.
Cavallaro, M. C., & Hoback, W. W. (2014). Hypoxia tolerance of larvae and pupae of the semiterrestrial caddisfly (Trichoptera: Limnephilidae). Annals of the Entomological Society of
America, 107(6), 1081-1085.
Chesters, D. (2017). Construction of a species-level tree of life for the insects and utility in
taxonomic profiling. Systematic Biology, 66(3), 426-439.
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Chesters, D. (2019). The phylogeny of insects in the data‐driven era. Systematic Entomology.
De Moor, F. C., & Ivanov, V. D. (2007). Global diversity of caddisflies (Trichoptera: Insecta) in
freshwater. In Freshwater Animal Diversity Assessment (pp. 393-407). Springer, Dordrecht.
Ebersberger, I., Strauss, S., & von Haeseler, A. (2009). HaMStR: profile hidden markov model
based search for orthologs in ESTs. BMC evolutionary biology, 9(1), 157.
Erman, N. A. (1981). Terrestrial feeding migration and life history of the stream-dwelling
caddisfly, Desmona bethula (Trichoptera: Limnephilidae). Canadian Journal of Zoology,
59(9), 1658-1665.
Fernandez, R., Kallal, R. J., Dimitrov, D., Ballesteros, J. A., Arnedo, M. A., Giribet, G., &
Hormiga, G. (2018). Phylogenomics, diversification dynamics, and comparative
transcriptomics across the spider tree of life. Current Biology, 28(9), 1489-1497.
Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., Couger,
M B., Eccles D., Li B., Lieber M., MacManes M. D., Ott M., Orvis J., Pochet N., Strozzi F.,
Weeks N., Westerman R., William T., Dewey C. N., Hensche R., LeDuc R. D., Friedman, N.,
Regev A. , & MacManes, M. D. (2013) and SPAdes v3.11.1 (Bankevich et al., 2012). Running
two assemblers was originally accidental but through the study, we identified that different
number of orthologs were recovered depending on the assembler used. To maximize the useful
data, we primarily kept Trinity assembles unless there was a significant improvement in the
ortholog sequences recovered by SPAdes in the following step.
We used Orthograph v0.6.3 (Petersen et al., 2017) to identify orthologous loci from both the
SPAdes and Trinity assembly of each species. We used a core ortholog set consisting of
reference ortholog sequences from three species used in the probe design step (Glyphotaelius
pellucidus, Lepidostoma hirtum, and Phryganea grandis). The resulting sets of orthologs were
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compared to determine which assembly (Trinity or SPAdes) recovered the most orthologs. The
assembly with the most recovered orthologs for each species were kept for downstream analysis.
We generated an unaligned multi-species nucleotide and amino acid sequence file (FASTA) for
each orthologous locus with the output from Orthograph.

Alignment and tree reconstruction
We used MAFFT L-INS-I (Katoh & Standley, 2013) to align each amino acid locus sequence
file. We then created nucleotide alignments that corresponded with the nucleotide alignments
obtained using PAL2NAL (Suyama et al., 2006). We refined the multiple sequence alignment
files by removing ambiguous sections, with Aliscore (Misof & Misof, 2009), Alinuc, and Alicut
(Kück et al., 2010). We then removed the reference species sequences due to redundancy, underrepresented loci (those loci with fewer than 20 taxa), and taxon sequences within the loci file
containing mostly missing data (>50% missing sequence data or gaps) from the dataset. These
filtering steps reduced our dataset from 960 to 922 loci. We used FASconCAT (Kück &
Meusemann, 2010) to concatenate the remaining amino acid and nucleotide loci sequence
alignments into super-matrices. We generated a partition definition file for each super-matrix
with a custom Python script and the FASconCAT info file.

Tree Analysis
Our analysis workflow followed multiple paths and comparisons to produce our final tree
(Figures 1 and 2). We estimated topologies of phylogenetic trees from both the amino acid and
nucleotide super-matrices. First, we merged the individual orthologous sequence loci (partitions)
into metapartitions using the relaxed clustering algorithm in IQ-TREE v1.6.12 (Nguyen et al.,
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2014) with the substitution model fixed (-mset GTR+G). Then, we re-estimated models for each
metapartition using ModelFinder as implemented into IQ-TREE v1.6.12 (Kalyaanamoorthy et al.
2017) and estimated the best maximum likelihood tree with 1000 ultrafast bootstrap and 1000
SH-aLRT replicates (-bb 1000 -alrt 1000) (Figure 3).
We compared the two resulting trees (amino acid and nucleotide) and found congruence
between all but 3 of the 45 nodes within the limnephilid ingroup and outgroup taxa (Appendix
8). We chose the tree estimated from the nucleotide super-matrix for further analysis due to
higher bootstrap nodal support. Analysis of our initial data tree highlighted seven taxa with
uncertain placement due to low bootstrap support (< 80 and rogue taxa), ultra-long branch
lengths (branching that does not follow the trend within the tree), or low orthologous loci
representation (<300 Orthologs). These were removed from further analysis.
We downloaded and used publicly available COI sequence data from the Barcode of Life
Database (BOLD) (Ratnasingham & Hebert, 2007) for Limnephilidae and the outgroup families.
This resulted in access to a broader range of usable data with various represented sequences for
12,910 individuals. We refined this matrix by removing duplicate sequences and discarding
sequences that were under 50 percent of the standard barcode region length (658 bp) resulting in
barcodes for 2639 individuals (Appendix 1). We further reduced the taxa by removing long
branch length sequences to reduce long branch attraction. Removing redundant taxa producing a
tree with 1055 individuals (Appendix 2). We further refined this matrix by including only a
single COI sequence for each monophyletic species within Limnephilidae resulting in COI
sequences for 309 limnephilid species in 37 genera. We then added D2 28S sequences for an
additional 179 individuals (Thomas et al., 2020). We concatenated these gene sequences with the
AHE sequences using FASconCAT (Kück, 2012). We generated a new tree with the same steps
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in IQ-TREE as previously described but with the original AHE tree file as a constraint (-g
constraint_AHE.treefile). The total dataset resulted in a phylogenetic tree containing 335

taxa, 311 within Limnephilidae (Appendix 3).

Ancestral State Reconstruction
To evaluate the evolution of terrestrial behaviors in Limnephilidae, we collected life
history data on current preference and terrestrial larval behavior from online databases at
www.freshwaterecology.info (Schmidt-Kloiber & Hering, 2015), Freshwater Insects CONUS
(Twardochleb et al., 2021), and published journals articles that referenced terrestriality within the
family Limnephilidae (Appendix 4).
Behavioral characteristics of larvae collected for the represented taxa include current
preference, habitat use in intermittent stream and temporary pools, terrestrial egg laying, and
fully terrestrial larvae. Current preference is a difficult metric to quantify due to the variable
nature of currents within microhabitats of streams and rivers (Lamouroux & Gayroude, 2004).
Thus, we standardized the scoring metric into three categories, fast-moving, slow-moving, and
both, as follows: fast-moving if the taxa are found primarily in high mountainous streams, slowmoving if primarily found in lowland rivers, ponds, and lakes, and both if there was no
preference for one current or the other. In the freshwater ecology database, the classification
scheme was adjusted into our standardized format as follows: the categories limnobiont and
limnophil as slow-moving, rheophile and rheobiont as fast-moving currents, and both if the
species was found in slow and fast current types. Similarly, Freshwater Insects CONUS database
was adjusted as follows: depositional as slow-moving, erosional as fast-moving, and both if
depositional-erosional (found in both water sources) (Appendix 5). Although our classification is
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less than ideal, the aggregate of information found within the databases was used to best fit these
taxa into the three current preference classifications (slow-moving, fast-moving, and both).
We tiered the terrestrial behavioral categories based on egg laying sites and larval
behavior. The lower tier was terrestrial egg laying and fully terrestrial larvae was the higher tier.
If the species occupied multiple categories it was coded as the higher tier of terrestrial behavior.
We reconstructed ancestral states and visualized them with SIMMAP (Bollback, 2006), using
Phytools (Revell, 2021) in R with the following coding:
(make.simmap(tree,matrix,model="SYM",nsim=100000) and pd=summary(mtree2,
plot=FALSE).

We made two SIMMAP data sets from the four-character states. The first contained slow
moving, fast-moving, terrestrial egg laying, and fully terrestrial and the second data set
containing slow-moving, fast-moving, and temporary pool/intermittent stream occupation. After
running SIMMAP with both data sets, we combined the transition point from the three-character
state onto the four-character state (Figure 4).
RESULTS
Our study is the first study to produce a molecular-based phylogenetic tree for the
caddisfly family Limnephilidae (Appendix 3). Our sampling covers 58 of the 97 extant genera.
We reconstructed ancestral states of five larval behaviors found within limnephilid larvae (Figure
4).

Anchored Hybrid Enrichment (AHE)
We designed 57,094 AHE probes from fifteen trichopteran transcriptomes targeting 960
loci, with an average locus length of 232 bp. We then produced assemblies for 57 taxa based on
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data from other sources (Table 1). For 34 taxa, Trinity assembled more orthologs and for 23 taxa
SPAdes assembled more orthologs. We chose the assembly with the highest amount of recovered
orthologs.
After removing single locus alignments with greater than 50 percent missing data or that
were missing taxa (fewer than 20 taxa included), 922 loci remained. The concatenated
supermatrix of all retained loci was 206,763 bp in length. This allowed for a robust
reconstruction of evolutionary history in the group that is unprecedented compared to any other
phylogenetic reconstructions for the group.
COI and 28S Data
We obtained 12,910 COI sequences for the infraorder Plenitentoria from the Barcode of
Life Database. This resulted in a potential source of 938 Limnephiloidea species and 570
limnephilid species for the supermatrix analysis. After filtering to include a single representative
per monophyletic species within Limnephilidae, the total number of species with barcodes was
reduced to 309 (Appendix 6). We additionally generated 28S sequences for 179 species in our
laboratory. These, when combined with the AHE dataset, resulted in a supermatrix including 335
taxa with 311 ingroup taxa and total length of 211,447 bp.

Tree Analysis
The final tree includes species from three of four subfamilies, one subfamily
(Philocascinae) is missing due to rarity of specimens suitable for sequencing, seven of nine
tribes, and 58 of the 97 genera within Limnephilidae. The missing subfamily, Philocascinae is
comprised of four species in a single genus and the tribes missing in our analysis are
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Agaphylacini, which is comprised of a single species, and Eccilocosmoecini, which is comprised
of a single genus containing two species.

Phylogenetic Comparison
The phylogenetic relationships we recovered are largely congruent with past limnephilid
phylogenetic studies based on non-molecular evidence (Vishivkova et al., 2007; Thomas et al.,
2020; Malm et al., 2013; Waringer et al., 2016). These published studies also varied widely in
taxon sampling, so our study is a first to attempt such a broad coverage. Our tree recovers robust
relationships at the subfamily and tribal levels (Figure 4). There are portions of our tree that do
not support those of past phylogenies. Two tribes within the subfamily Limnephilinae,
Chilostigmini and Pseudostenophylacini, were recovered as paraphyletic. One species that was
previously classified in the tribe Dicosmoecini (Amphicosmoecus canax) was recovered within
the tribe Nothopsychini. Additionally, the subfamily Ecclisomyiinae was recovered as nested
within the Dicosmoecinae. The phylogenetic relationships at the genus and species level were
difficult to compare to past analysis due the differences in taxon sampling, but with our broad
coverage we contend that our tree can now form a baseline for other studies with even broader
taxon sampling and additions of rapidly expanding techniques for even longer sequences from
this group’s genome.

Ingroup Classification Comparison
Two of three species in our analysis (formerly Stenophylax antennata, Philocasca thor,
and Philocasca albus) were transferred from the subfamily Philocascinae to the genus
Montiphylax with uncertain placement within Limnephilinae by Ruiter and Mutch (2019) after
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the completion of our study. Due to this change, our tree lacks representation in the subfamily
Philocascinae.
We recovered two genera in tribe Pseudostenophylacini, Astratodina and Phylostenax, as
sister clade to the tribe Drusini. The remaining Pseudostenophylacini representatives in our tree
all belong to the genus Pseudostenophylax that comprise a monophyletic clade sister to the
Astratodina and Phylostenax clade.

Ancestral State Reconstruction
For our reconstruction of habitat choices and movements between aquatic and terrestrial
environments we harmonized the behavioral data from three sources: the general Trichoptera
scientific literature and two online databases, Fresh Water Ecology (Schmidt-Kloiber & Hering,
2015) and Fresh Water Insects CONUS (Twardochleb et al., 2021). We standardized names for
habitat choice into multiple categories: slow-current preference, fast-current preference, fully
terrestrial larvae, terrestrial egg laying, and occupation of temporary pools or intermittent
streams. Behavioral data was collected for 42 taxa from the Freshwater insects CONUS database
(https://environmentaldatainitiative.org/) (Twardochleb et al., 2021), for 23 taxa from freshwater
ecology online database (https://www.freshwaterecology.info/) (Schmidt-Kloiber & Hering,
2015), and 270 taxa from 40 different papers or books (Appendix 4). In our thorough search of
habitat preference literature, no unambiguous data were found for 81 of the 371 taxa included in
our tree analysis. Taxa without source material referencing their habitat preference we split the
categorization likelihood weights equally between slow and fast current preference.
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Ancestral State Reconstruction Tree Analysis
We produced an ancestral state reconstruction (ASR) tree from a four-character state
analysis (slow, fast, fully terrestrial larvae, and terrestrial egg laying) and a three-character state
analysis (slow, fast, and temporary pool/intermittent stream occupation) displaying the results
together (Figure 4). The three-character state analysis was used to identify all branches that was a
transition to temporary pool/intermittent stream occupation. That information was then overlaid
onto the four-character state phylogeny as a yellow triangle annotating the habitat shift.
In the four-character state analysis, 61% of taxa in the analysis had a slow-current
preference, 37% with fast-current, 2% with fully terrestrial, and 13% with terrestrial egg laying.
The percentages that total over 100% are due to 40 taxa being listed as using both slow and fast
current habitats. The 40 taxa were split by adding equal likelihood to each of the two categories
due to lacking reference material, thus inflating the percentage in each.
Our ASR tree for the four binned habitat analysis shows the following behavioral shifts:
(1) three shifts from slow-current preference directly to fully-terrestrial; (2) 15 shifts from slowcurrent to terrestrial egg laying; and (3) three shifts from slow-moving back to fast-moving
currents (Drusus, Melampophylax and Simaphylax). These results show that multiple different
taxa within Limnephilidae have changed habitat preferences many times.
Our ASR tree mapped with the three-character state binning contain 58% of taxa with
slow-current preference, 35% with fast-current, and 17% in temporary pools or intermittent
streams. This tree shows: (1) one shift from the fast-moving current outgroups to the slowmoving current at the basal node of Limnephilidae; (2) 15 shifts from slow moving currents to
temporary pools/intermittent streams; and (3) two shifts from slow-moving currents back to fastmoving currents. Again, shifting habitat did not occur as a single event in limnephilid evolution
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DISCUSSION
The primary goal of this research was to produce a comprehensive generic level
phylogenetic tree of Limnephilidae then to study the correlation between life history changes and
terrestrial emergence in larvae. Past hypotheses for terrestrial re-emergences of Limnephilidae
stated that the evolution of full terrestriality was linked with terrestrial egg laying and/or the
occupation of temporary pools (Wiggins, 1973). The tree we present here clearly shows that such
shifts occurred several times along with terrestrial larval behaviors within the family, failing to
refute this hypothesis.

A comprehensive molecular dataset for Limnephilidae
The AHE probes produced here were designed to be effective across the entire order and
can be used for any future Trichopteran molecular phylogenetic analysis. This will serve future
researchers well and has been shown in other studies (Letsch et al., 2020; Chesters, 2017). The
process of using more data rich AHE sequences as a “backbone” to resolve deep phylogenetic
nodal relationships. Then, using the backbone to “graft” in the abundant existing single gene data
is a cost-effective method. This increases taxonomic breadth represented in the tree while also
maintaining the depth necessary for the resolution of deeper phylogenetic relationships.

Phylogeny of Limnephilidae
The phylogenetic tree produced in this study is the first for Limnephilidae based on
molecular data. Our data result in a single, robust tree based on a diversity of sequencing and
analysis techniques. Our tree is difficult to directly compare to previously published trees due to

15

variation in taxon sampling in past studies (Vishivkova et al., 2007; Thomas et al., 2020; Malm
et al., 2013). We discuss next how our new tree of phylogenetic estimates highlights multiple
groups of taxa whose current classification in the Trichoptera World Checklist (Morse, 2021)
varies from their placement in our tree (Figure 2).

Outgroup Taxa Classification
While not the explicit goal of our study, our tree recovered one of our outgroups,
Thremmatidae (comprised of only three genera) as paraphyletic which was predicted by Kjer et
al. (2017). Also consistent with previous research, we recovered a paraphyletic Goeridae with
two species falling outside of the rest of the family (Archithrema ulachensis and Goeracea
oregona). The classification of families within Limnephiloidea is an important subject for future
research.

Phylogenetic and Classification Comparison
In our work, the data collected for the phylogenetic tree analysis includes 3 out of 4
subfamilies, 7 out of 9 tribes, 55 out of 98 genera, and 311 of 1178 species within the family
Limnephilidae. The key missing molecular data within our study data are from representatives of
the subfamily Philocascinae (currently known as a single genus with four species) and two
limnephilid tribes, Agaphylacini (monotypic) and Ecclisocosmoecini (known from two species
within a single genus). When we started the study, we had two taxa that were classified in the
subfamily Philocascinae (Philocasca alba and Philocasca thor). However, while undergoing the
analyses, these species was classified into a new genus, Montiphylax, which is now considered
incertae sedis (Ruiter & Mutch, 2019).
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The subfamily Ecclisomyiinae includes a single genus, Ecclisomyia, and was raised to a
subfamily by Vshivkova (2007). We recovered a monophyletic Ecclisomyia, however it is
recovered as nested within Dicosmoecinae. We propose that Ecclisomyiinae should be subsumed
in Dicosmoecinae (Figure 4). With the inclusion of Ecclisomyia, Dicosmoecinae is monophyletic
and sister to the largest limnephilid subfamily, Limnephilinae. Limnephilinae is recovered as
monophyletic with the inclusion of three species of Montiphylax previously mentioned as being
classified as incertae sedis. We recovered Montiphylax as a monophyletic sister clade to the tribe
Hesperphylacini (Hesperophylax and Psychoronia). However, without relative placement to the
remaining members of Philocascinae, we cannot resolve a tribe placement of Montiphylax and
propose Montiphylax remain as incertae sedis.
Within Limnephilinae, several tribes were para- or polyphyletic. We recovered three
major splits roughly corresponding to the following classifications. The genus
Pseudostenophylax was recovered as a monophyletic clade sister to a clade containing the rest of
Limnephilinae. The second clade included two primary splits: Drusini and another containing a
mixture of species belonging to Limnephilini, Chilostigmini, and Hesperophylacini.
We found the currently accepted tribe Pseudostenophylacini to be paraphyletic (Figure
2). While the genus Pseudostenophylax forms a monophyletic clade sister to the rest of the
subfamily, both Astratodina and Phylostenax formed a distinct clade sister to the tribe Drusini,
supporting their removal from the tribe Pseudostenophylacini and included in an expanded
concept of Drusini. Reclassifying Astratodina and Phylostenax within the tribe Drusini leaves
the tribe Pseudostenophylacini as a single genus with multiple species.
The tribe Drusini, represented by the genera Ecclisopteryx and Drusus was recovered as
monophyletic. Ecclisopteryx was nested within Drusus, congruent with the analysis of Waringer
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et al. (2016) that used multiple data analysis of B/MCMC consensus tree inferences for
mitochondrial COI, 16S rDNA, nuclear WG, and nuclear CAD. While our analysis did place
Ecclisopteryx within Drusus, the four Ecclisopteryx species sampled in our analysis formed a
monophyletic group. This is contrary to Pauls et al. (2008), Waringer et al. (2010), and Ibrahimi
et al. (2016), each of which predicted Ecclisopteryx to be polyphyletic. On the strength of our
multilocus analysis, we propose sinking Ecclisopteryx within Drusus.
Limnephilini was rendered polyphyletic by the tribes Hesperophylicini and
Chilostigmini, both of which are nested within Limnephilini. While Hesperophylicini formed a
monophyletic clade, Chilostigmini was recovered as polyphyletic forming multiple small species
groups. Future research should focus on the resolving the relationships among members of
Limnephilini, Chilostigmini, and Hesperophylacini. In the current state, perhaps the most
prudent action would be to subsume both Chilostigmini and Hesperophylacini into Limnephilini.
We do not formally propose that change here, because we have no sequences from Chilostigma.
The genus Stenophylax was polyphyletic forming three distinct clades with its 12
representative species, one as sister to Psilopterna, and the other two clades (Stenophylax
muehleni) and (Stenophylax meridiorientalis, Stenophylax permistus, and Stenophylax vibex)
intermixed with Potamophylax (Appendix 3). Potamophylax was originally classified as a
subgenus of Stenophylax by Wallengren (1891). Our tree supports this distinction. One possible
solution to a polyphyletic Stenophylax would be to place Potamophylax within Stenophylax and
then reclassify species of Stenophylax that are sister to Psilopterna either as members of
Psilopterna or as a new genus. Regardless, improved taxon sampling is necessary to further
refine the classification of these genera.
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The genus Colpotaulius (Colpotaulius major and Colpotaulius incisus) was recovered
paraphyletic within Limnephilus. Colpotaulius has a history of ambiguity with Schmid (1955)
classifying Colpotaulius and later Ivanov (2007) synonymizing Colpotaulius with Limnephilus.
However, Vshivkova (2007) resurrected Colpotaulius and it has been accepted as a distinct
genus since. Our results support the findings of Ivanov to subsume Colpotaulius within
Limnephilus. We formally propose this synonymy based on our extensive data.
The tribe Limnephilini of previous authors (Holzenthal, 2007; Olah, 2019) is not
monophyletic in our analysis (Figure 2), with three groups currently recognized as the tribe
scattered quite widely in the remainder of the Limnephilinae. One solution to this paraphyly
would be to place the Chilostigmini and Hesperophylacini as part of a greater Limnephilini,
along with the problematic Montiphylax. If one wished to split the Limnephilini into smaller taxa
one could limit it to the monophyletic group of taxa from Haleochila to Limnephila (Figure 2).
This would allow for retaining a monophyletic Hesperophylacini composed of Hesperophylax
and Psychronia.
This necessitates we sort the remainder of polyphyletic Limnephilini, Chilostigmini, and
few other stray genera into monophyletic tribes. Unfortunately, no Chilostigma are available in
our analysis so we can’t solve this grouping problem. Without sequences from Chilostigma, the
stepwise, pectinate series of genera from Stenophylax to Montiphylax (Figure 2) cannot be
resolved into tribes based on this molecular data set.
Two species of note that we placed in different tribes or subfamilies were
Amphicosmoecus canax and Cryptochia pilosa. A. canax, currently classified as Dicosmoecini
was recovered within the tribe Nothopsychini and we reclassified it as such. Based on only the
COI barcode and our analysis, Cryptochia pilosa was placed outside of Limnephilidae as sister
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to Manophylax and Allomyia within the family Apataniidae (Appendix 1 and Appendix 2).
Cryptochia pilosa was classified as family incertae sedis by Vshivkova et al. (2007). Better
taxon sampling is necessary to place this enigmatic species.

Ancestral State Reconstruction
Using ancestral state reconstruction, we recovered the following life-history shifts of
limnephilid larvae: one shift from the fast-moving current outgroups to slow-moving current on
the branch leading to Limnephilidae, three shifts from slow-current preference to fully terrestrial
within Limnephilidae, 15 shifts from slow-current to terrestrial egg laying, and four shifts from
slow-moving back to fast-moving currents. This analysis shows that the transition to terrestrial
behavior is often preceded by a transition to slow, hypoxic waters or the occupation of temporary
pools.
We recovered 24 shifts from slow moving currents to temporary pools/intermittent
streams. Of these shifts, 14 of the 24 (58%) contained species that exhibited one or more
terrestrial behaviors. Conversely, of the clades containing multiple species exhibiting terrestrial
behavior, 7/10 (70%) of those clades previously underwent a transition to a temporary pool.
Among the four transitions from slow-moving back to fast-moving water, no terrestrial behavior
was recovered.
Wiggins (1978) suggested that the “re-emergence of caddisfly larvae as terrestrial insects
has probably come about through evolution of oviposition apart from water.” While we find
multiple transitions to terrestrial egg-laying within the limnephilid phylogeny, we refute the
hypothesis of terrestrial egg-laying as a necessary precursor to fully terrestrial behavior.
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However, both terrestrial egg-laying and fully terrestrial behavior are, in large measure, preceded
by the occupation of temporary pools or intermittent streams.
In summary, we reconstructed evolutionary history Limnephilidae, a diverse family of
caddisflies, for the first time using a combined molecular dataset. We identified multiple
instances in which our phylogeny is incongruent with the most popular current classification.
Finally, we found that terrestrial behavior has evolved 18 times, independently, within the
family. The independent transitions clades containing more than one taxon, 7 out of 10
transitions is preceded by a transition into temporary pools or intermittent streams and all 18
transitions are preceded by slow current preferences. Further, no such transitions were found in
clades that inhabited fast-moving water. We hope this study will serve as a foundation from
which the fascinating and diverse ecological behaviors of limnephilid caddisflies can be studied
in more depth.
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FIGURES

Figure 1. Methods workflow for 57 anchored hybrid enrichment (AHE) samples to construct a
phylogenic scaffold. Taking AHE fastq files and preparing the data to construct a phylogenetic
tree by trimming and assembling the sequences, checking orthologous genes with Orthograph,
generate multiple sequence alignments with Multiple Alignment using Fast Fourier Transform
(MAFFT), and improving the signal to noise ratio using Aliscore. Once the data is prepared, we
then construct a phylogenetic tree with IQ-TREE and conduct a tree coalescence with ASTRAL
to compare the results. Keeping the branches with high degree of confidence (>90%) to use as a
scaffold for the COI and 28S sample construction.
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Figure 2. Methods workflow of mitochondrial cytochrome c oxidase subunit I (mt-COI) and
nuclear ribosomal DNA (28S rDNA) gene refinement samples of Limnephilidae. Construct trees
using three different combinations f data using IQ Tree; the first tree will contain only the COI
and 28S sequence data, second tree will contain the COI, 28S, and AHE data sets without
constraint, last tree we will construct using the 28S, COI, using the AHE tree as a constraint.
Keeping the branches with >90% confidence and infer congruence from the three trees
constructed.
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Figure 3. The anchored hybrid enrichment (AHE) maximum likelihood tree with 57 taxa
analyzed. Partitioned data with 1000 ultrafast bootstrap and 1000 SH-aLRT in IQ-Tree.

24

Figure 4. Ancestral state reconstruction with the program SIMMAP on the limnephilid
phylogenetic tree. The outer colored ring indicates the current accepted classification. The inner
colored ring indicates environmental traits as they relate to current preference and terrestrial
behavior. The inner shape icons indicate nodes that contained a behavioral shift between the
environmental traits.
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TABLES
Table 1. The 57 species representing the taxa used by the Anchored Hybrid Enrichment (AHE)
phylogenic tree.
Family
Apataniidae
Brachycentridae
Goeridae
Lepidostomatidae

Species Name
Allomyia chama, Apatania zonella, Apataniana
hellenica, Moropsyche circumflexa, Pedomoecus sierra
Brachycentrus americanus
Archithremma ulachensis, Gastrocentrides sumatranus,
Goera diversa, Goera fissa, Goeracea oregona,
Larcasia sp, Lithax incanus, Silo nigricornis
Lepidostoma hirtum

Limnephilidae

Acrophylax zeberus, Amphicosmoecus canax, Anabolia
furcata, Anisogamus difformis, Annitella thuringica,
Archaeophylax ochreus, Astratodina anteros,
Asynarchus amurensis, Asynarchus thedenii,
Chaetopteryx aproka, Drusus adustus, Drusus
flavipennis, Drusus nebulicolus, Drusus rectus,
Ecclisopteryx dalacarlica, Enoicyla pusilla,
Hesperophylax occidentalis, Hydatophylax infumatus,
Hydatophylax soldatovi, Ironoquia punctatissima,
Limnephilus primoryensis, Limnephilus rhombicus,
Limnephilus sericeus, Limnephilus submonilifer,
Limnephilus turanus, Melampophylax melampus,
Mesophylax asperus, Phylostenax himalus, Phylostenax
sp., Platyphylax frauenfeldi, Psilopterna sp.,
Psilopteryx schmidi, Psychoronia costalis, Stenophylax
permistus

Phryganeidae

Agrypnia crassicornis, Phryganea bipunctata,
Yphria californica

Rossianidae
Uenoidae

Goereilla baumanni
Farula praelonga peniculus, Neothremma alicia,
Thremma anomalum, Oligophlebodes minutus

The 57 species representing the taxa used for the Anchored Hybrid
Enrichment (AHE) phylogenetic tree. Trichoptera families represented;
Apataniidae (5x), Brachycentridae (1x), Goeridae (8x), Lepidostomatidae
(1x), Limnephilidae (34x), Phryganeidae (3x), Rossianidae (1x), Uenoidae
(4x).
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